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We analyze high multiplicity proton-proton (pp) collision data in the framework of the String
Percolation Model (SPM) that has been successful in describing several phenomena of multiparticle
production, including the signatures of recent discovery of strongly interacting partonic matter, the
Quark Gluon Plasma (QGP), in relativistic heavy-ion collisions. Our study in terms of the ratio of
shear viscosity and entropy density (η/s) and the (LQCD) predicted signature of QCD change of
phase, in terms of effective number of degrees of freedom (ǫ/T 4), reiterates the possibility of strongly
interacting collective medium in these events.
The Quark-Gluon Plasma (QGP) [1], an exotic state
of matter of partonic degrees of freedom, is predicted
[2] by quantum chromodynamics (QCD) the theory of
strong interaction. Experiments with relativistically
colliding heavy nuclei at the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory
revealed features [3–6], expected from QGP-like dense
partonic medium. Relativistic hydrodynamics helped
in identifying the collective nature of the medium. Un-
predictably, however, the ratio of the shear viscosity
and the entropy density (η/s), the measure of fluid-
ity, at the RHIC heavy-ion collisions reached a value
[7, 8] close to that for a perfect fluid, indicating for-
mation of a strongly interacting medium, termed as
sQGP. Recent heavy-ion data from the Large Hadron
Collider (LHC) at CERN with heavier nuclei and at
higher energy corroborates [9] most of the RHIC find-
ings. In this scenario of the QGP study, an unexpected
feature, namely the ”ridge” in the long range near side
angular correlation, in distinct class of ”high multiplic-
ity” events of proton-proton collisions [10] at
√
s = 7
TeV at LHC has triggered revival of an old school of
thought [11–14] of the possibility of formation of a col-
lective medium in pp collisions also. Several of subse-
quent theoretical and phenomenological studies [15–23],
in different approaches, endorse the possibility, indicat-
ing the need for further investigations in understanding
the high-multiplicity pp events vis-a-vis the QGP.
In this article, we address the issue of collectiv-
ity in high multiplicity pp events in the framework
of the String Percolation Model, that has successfully
explained the collectivity and the change of phase in
nucleus-nucleus collisions [24–26]. Also SPM describes
the centre-of-mass energy dependence of mid-rapidity
multiplicity [25] and the pseudorapidity distributions
[26] of produced charged particles in pp collisions, for
the entire range of energy, available so far. In the SPM,
the sources of multiparticle productions are the color
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strings between the colliding partons. The stretched
strings between the partons decay into new pairs of
partons and so new strings are formed. Subsequently,
particles are produced from interaction of partons by
the Schwinger Mechanism. With the increasing energy
of collision and / or the size of the colliding system, the
density of the string increases and they start to overlap
forming clusters. The overlapped strings start interact-
ing. At a certain critical density, the strings start per-
colating through one another, forming a macroscopic
cluster of strings - a geometrical phase transition takes
place. The cluster of percolated color strings is consid-
ered to be equivalent to the de-confined partonic state
of matter [24]. In fact, there has been considerable
progress in the SPM in establishing connection [24] be-
tween the percolation phase transition of color strings
and the QCD phase transition in heavy-ion collisions.
One of the cardinal parameters in SPM is the trans-
verse impact parameter density of strings, ζt. For pp
collisions, [24] one can write ζt ≡ ( r0Rp )2N¯s where r0 is
≃ 0.25 fm the single string transverse size, Rp ≃ 1 fm is
the proton transverse size and N¯s is the average number
of single strings. For values of ζt above the critical value
for the 2-dimensional percolation, ζtc (≃ 1.2 − 1.5, de-
pending on the profile function homogeneous or Wood
Saxon type), ζt >∼ ζtc, one observes the formation of
long strings due to fusion and stretching between the
colliding nucleons. Other important quantity in SPM
is the Color Suppression Factor, F(ζt), which is related
to the particle density dN/dy and the number (N
s
) of
strings as:
dN
dy
= κF (ζt)N¯s (1)
where κ is a normalization factor∼ .63 [25] and F (ζt) ≡√
1−e−ζt
ζt slows down the rate of increase in particle
density with energy and with the number of strings.
For pp collisions one can approximately write
Nsp = 2 + 4(
r0
R
)2(
√
s
mp
)2λ (2)
2with mp the mass of the proton and λ a constant pa-
rameter ≃ .201 [25].
By measuring [29] the d〈Nch〉/dη - dependent iden-
tified particle spectra from pp collisions at
√
s = 0.9,
2.76 and 7 TeV, the CMS experiment at the LHC pro-
vides the unique opportunity for somewhat ”centrality”
dependent study in pp collisions. To determine the cor-
responding value of the string density, we use the in-
variant transverse momentum spectra given by a power
law:
1
N
d2N
dp2T
=
(α − 1)(α− 2)
2πp20
pα0
[p0 + pT ]α
(3)
where p0 and α are energy dependent parameters. The
total multiplicity is obtained by the mean over all the
clusters configurations µ =
〈∑M
i=1
√
niSi
S1
〉
µ1 whereM
is the total number of clusters in a event and ni the
number of strings that form the i cluster. Considering
only the clusters which contributes to the central region
the general formula:
dNch
dη
|η=0=
〈∑M
i=1
√
niSi
S1
〉
〈∑M
i=1
√
niSi
S1
〉
pp
dNch
dη
|ppη=0 (4)
with Nsp =
〈∑M
i=1
√
niSi
S1
〉
|pp and similarly
〈p2T 〉 =
〈
N√
nSn
S1
〉
〈
N√
nSn
S1
〉
pp
〈
p2T
〉
pp
(5)
By using equation (4) and (5) and (3) we can describe
the general equation that relates the high multiplicity
(with string density ζHM ) and min bias distributions
as:
1
N
d2Nch
dηdpT
|η=0 = a (p0b)
α−2
(pT + p0b)α−1
(6)
with a =
〈∑
M
i=1
√
nSi
S1
〉
〈∑
M
i=1
√
nSi
S1
〉
pp
dN
dη |ppη=0 (α−2)2pi and b =


〈
N∑
M
i=1
√
niSi
S1
〉
/
〈
N∑
M
i=1
√
niSi
S1
〉
pp


1/2
, by apply-
ing the thermodynamic limit with a vectorial color sum
b→
√
F (ζ)/F (ζHM ). So, finally one gets
1
N
d2N
dηdpT
=
a(p0
√
F (ζpp)
F (ζHM )
)α−2
[p0
√
F (ζpp)
F (ζHM )
+ pT ]α−1
(7)
Note that for pp collisions minimum (7) reduces to
1
N
d2N
dηdpT
=
apα−20
[p0 + pT ]α−1
, (8)
To obtain a, p0, α we perform a fit to the transverse
momentum distributions of charged particles from min-
imum bias pp events at the energies
√
s = 900 GeV,
2.76 TeV, 7 TeV [29] with equation (8) (see Table 1).
To determine the values of ζMH equation (7) was fit
to (presented in Figure 1) the measured transverse mo-
mentum distributions [29] with the corresponding val-
ues from Table 1. The fit is restricted to pT > .4 GeV/c
to avoid the effect of resonance decays. For dN/dη, we
have taken into account the kinematics cuts, by scaling
the measured 〈Ntrack〉 with the corresponding factor
of (1/4.8) corresponding to the |η| < 2.4 range and
the factor (1.6 ) as in [30] corresponding to the pT cut
range.
√
s (TeV) a p0 α
.9 23.29 ± 4.48 1.82 ± .54 9.40 ± 1.80
2.76 22.48± 4.20 1.54 ± .46 7.94± 1.41
7 33.12 ± 9.30 2.32 ± .88 9.78 ± 2.53
TABLE I. Parameters of the transverse momentum distri-
bution (9) in pp collisions.
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FIG. 1. Fits to the transverse momentum distribution for
energies
√
s = 7 TeV in p − p collisions for different multi-
plicity classes from Ntrack = 131 grey line to Ntrack = 40
orange line. Data taken from reference [29].
Figure 2 show the dependence of the obtained color
reduction factor F (ζt) with the corresponding dn/dη
respectively at different energies, it indicates that at
the same multiplicity class the string density decreases
for higher energies.
The Schwinger mechanism [27] for massless particles
is given by the expression
dN
dpT
∼ e−
√
2F (ζt)
pT
〈pT 〉1 , (9)
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FIG. 2. Color reduction factor at high multiplicities for
different energies
which can be related to the average value of the string
tension 〈x2〉 = π〈p2T 〉1/F (ζ) [28], this value fluctuates
around its mean value because the chromoelectric field
is not constant, the fluctuations of the chromo electric
field strength lead to a Gaussian distribution of the
string tension that transform it into a thermal distri-
bution, where the temperature is given by the relation
[23]
T (ζt) =
√
〈p2T 〉1
2F (ζt)
(10)
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FIG. 3. Efective temperature vs dn/dη.
We consider that the experimentally determined
chemical freeze out temperature is a good measure
of the phase transition temperature Tc. We calcu-
late the effective temperature, T , from the equation
(10), for each multiplicity class for a critical density
ζc = 1.2 and at the critical temperature Tc = 154 ± 9
MeV, as obtained by the latest LQCD results from the
HotLQCD collaboration [31], with the corresponding
〈pT 〉1 ∼ 190.25±11.12 MeV/c consistent with the mea-
sured of direct photon enhanced measured [28]. Figure
3 shows the increase of calculated T with the increase
of the multiplicity dn/dη.
In terms of the effective temperature one can study
some useful quantities as the ratio of the shear viscosity
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FIG. 4. Shear viscosity over entropy ratio for 7 TeV
high multiplicity classes corresponding to Ntrack = 40 to
Ntrack = 131, with the Tc = 154± 9 MeV.
over entropy density, mean transverse momentum and
the ratio of energy density over T 4 as it shown in the
following lines:
In the relativistic kinetic theory as η/s ≃ Tλfp5 where
λmfp is the mean free path ∼ 1nσtr , n is the density of
the effective number of sources per unit volume and
σtr is the transport cross section, n =
Nsources
SNL
. It is
considered that NsourcesSNL σtr = (1− e−ζ
t
)/L considering
L = 1fm the longitudinal extension of the source one
can give the relation η/s in terms of ζt [24], as:
η
s
=
TL
5(1− e−ζt) (11)
The η/s as a function of T/Tc as obtained from the
SPM formalism for the pp data [29] is shown in Figure
4. The plot shows similar features as has been exhibited
by the heavy-ion data [7] [28].
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FIG. 5. Mean transverse momentum at different energies
data from [29]
The evolution of the mean transverse momentum can
also described from (6) as an inverse function of the
color reduction factor 〈pT 〉 ≃ p0
√
F (ζ)/F (ζHM )
2
(α−3)
The Figure 5 clearly shows that the SPM model de-
scribes the measured [29] dnch/dη -dependence of 〈pT 〉.
4In SPM the energy density can be determined by a
temperature at string level, by using the energy density
from Bjorken ǫi =
3
2
dNc
dy
〈pT 〉
SNτpro
, with the nuclear overlap
area Sn, and taking the production time for a boson
gluon (τpro) [24] as the propagation time of the parton
given in fermi (τ = 2.405h¯/ < mt >). The results are
shown in Figure 6.
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FIG. 6. Energy density at different energies
The dnch/dη-dependence 〈pT 〉 of the pp data at the
LHC energies is well described by the String Percolation
Model. Besides, in terms of the ratio of shear viscosity
and entropy density (η/s) and the (LQCD) predicted
signature of QCD change of phase, in terms of effective
number of degrees of freedom (ǫ/T 4), the model gives a
clear indication of the phase transition for the measured
high multiplicity pp events. Of course, there have been
several other models to describe the unexpected behav-
ior of high multiplicity pp events. Nevertheless, till one
can analyze expected high statistics of high multiplicity
pp events at
√
s = 13 TeV, in the Run-2 of LHC, the
SPM provides one of the possible explanations for the
observed unexpected features of the pp data at LHC
energies.
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